The α-galactosidase-coding gene agaAJB13 was cloned from Sphingomonas sp. JB13 showing 16S rDNA (1,343 bp) identities of ≤97.2% with other identified Sphingomonas strains. agaAJB13 (2,217 bp; 64.9% GC content) encodes a 738-residue polypeptide (AgaAJB13) with a calculated mass of 82.3 kDa. AgaAJB13 showed the highest identity of 61.4% with the putative glycosyl hydrolase family 36 α-galactosidase from Granulicella mallensis MP5ACTX8 (EFI56085). AgaAJB13 also showed <37% identities with reported protease-resistant or Sphingomonas α-galactosidases. A sequence analysis revealed different catalytic motifs between reported Sphingomonas α-galactosidases (KXD and RXXXD) and AgaAJB13 (KWD and SDXXDXXXR). Recombinant AgaAJB13 (rAgaAJB13) was expressed in Escherichia coli BL21 (DE3). The purified rAgaAJB13 was characterized using p-nitrophenyl-α-D-galactopyranoside as the substrate and showed an apparent optimum at pH 5.0 and 60 o C and strong resistance to trypsin and proteinase K digestion. Compared with reported proteaseresistant α-galactosidases showing thermolability at 50 o C or 60 o C and specific activities of <71 U/mg with or without protease treatments, rAgaAJB13 exhibited a better thermal stability (half-life of >60 min at 60 o C) and higher specific activities (225.0-256.5 U/mg). These sequence and enzymatic properties suggest AgaAJB13 is the first identified and characterized Sphingomonas α-galactosidase, and shows novel protease resistance with a potential value for basic research and industrial applications.
The α-galactosidase-coding gene agaAJB13 was cloned from Sphingomonas sp. JB13 showing 16S rDNA (1,343 bp) identities of ≤97.2% with other identified Sphingomonas strains. agaAJB13 (2,217 bp; 64.9% GC content) encodes a 738-residue polypeptide (AgaAJB13) with a calculated mass of 82.3 kDa. AgaAJB13 showed the highest identity of 61.4% with the putative glycosyl hydrolase family 36 α-galactosidase from Granulicella mallensis MP5ACTX8 (EFI56085). AgaAJB13 also showed <37% identities with reported protease-resistant or Sphingomonas α-galactosidases. A sequence analysis revealed different catalytic motifs between reported Sphingomonas α-galactosidases (KXD and RXXXD) and AgaAJB13 (KWD and SDXXDXXXR). Recombinant AgaAJB13 (rAgaAJB13) was expressed in Escherichia coli BL21 (DE3). The purified rAgaAJB13 was characterized using p-nitrophenyl-α-D-galactopyranoside as the substrate and showed an apparent optimum at pH 5.0 and 60 o C and strong resistance to trypsin and proteinase K digestion. Compared with reported proteaseresistant α-galactosidases showing thermolability at 50 o C or 60 o C and specific activities of <71 U/mg with or without protease treatments, rAgaAJB13 exhibited a better thermal stability (half-life of >60 min at 60 o C) and higher specific activities (225.0-256.5 U/mg). These sequence and enzymatic properties suggest AgaAJB13 is the first identified and characterized Sphingomonas α-galactosidase, and shows novel protease resistance with a potential value for basic research and industrial applications.
Keywords: Sphingomonas, protease resistance, α-galactosidase
Soybeans are an excellent source of protein and dietary fibers, and are widely used as food and feed, such as soybean oil, tofu, soybean milk, soybean yogurt, soybean cheese, and soybean meal [7] . Water-soluble galactomannan comprises up to 20% of the total dry weight of leguminous seeds [10] . The raffinose family oligosaccharides in legumes, mainly raffinose and stachyose, are not absorbed by the intestinal wall of α-galactosidase-deficient humans and monogastric animals, leading to flatulence [8] . These oligosaccharides are called anti-nutritional factors.
α-Galactosidase (1,6-α-D-galactoside galactohydrolase; melibiase; E.C. 3.2.1.22) catalyzes the hydrolysis of α-1,6-linked galactoside residues from galactomannans (e.g., guar gum and locust bean gum) and oligosaccharides (e.g., melibiose, raffinose, and stachyose) [7] . The addition of exogenous α-galactosidase can economically and efficiently eliminate anti-nutritional factors in legumes and improve nutrition [14] . Furthermore, α-galactosidase is also used in the pulp and paper industry [9] , sugar-producing industry [18] , and medicinal treatment of Fabry disease [3] .
α-Galactosidases have already been isolated from microorganisms, plants, and mammals, and based on amino acid sequence comparisons, most belong to glycosyl hydrolase (GH) families 27 and 36 [4] . This study cloned a novel GH 36 α-galactosidase gene from a new Sphingomonas strain, Sphingomonas sp. JB13, harbored in the slag of a phosphate rock-stacking site. The gene was expressed in Escherichia coli, and the purified recombinant enzyme was characterized and showed protease resistance.
MATERIALS AND METHODS
Vectors and Reagents E. coli Trans1-T1 (TransGen, Beijing, China) and a pMD 18-T vector (TaKaRa, Otsu, Japan) were used for the gene cloning. E. coli BL21 (DE3) (TransGen) and a pET-28a(+) vector (Novagen, San Diego, CA, USA) were used for the gene expression. Nickel-NTA agarose (Qiagen, Valencia, CA, USA) was used to purify the His 6 -tagged protein. The genomic DNA isolation, DNA purification, and plasmid isolation kits were purchased from Tiangen (Beijing, China). The restriction endonucleases, T4 DNA ligase, DNA polymerases (Taq and Pyrobest), dNTPs, and GC buffer II were purchased from TaKaRa. The p-nitrophenyl-α-D-galactopyranoside (pNPG) and p-nitrophenol were purchased from Sigma (St. Louis, MO, USA). The isopropyl-β-D-1-thiogalactopyranoside (IPTG), Dgalactose, D-glucose, trypsin (250 U/mg), and proteinase K (>30 U/mg) were purchased from Amresco (Solon, OH, USA). The melibiose was purchased from Wako (Osaka, Japan). All the other chemicals were of analytic grade.
Microorganism Isolation
The slag was collected from a >20-year-old phosphate rock-stacking site in Gejiu City, Yunnan Province, People's Republic of China. 
C and 60
o C. The strain, designated JB13, was then selected for further study. The taxon of strain JB13 was identified using a 16S rDNA sequence PCR that was amplified using primers 27F and 1492R [17] .
Gene Cloning
The genomic DNA from strain JB13 was extracted using a Tiangen genomic DNA isolation kit following the manufacturer's instructions. A partial α-galactosidase gene was amplified using the degenerate primer set and PCR program described by Zhou et al. [29] . The PCR product was then gel purified, ligated to a pMD 18-T vector, transformed into E. coli Trans1-T1, and sequenced by the Beijing Genomics Institute (Guangzhou, China). Based on the partial α-galactosidase gene, the full-length gene (agaAJB13) was obtained using the time-saving and reduced-cost GC TAIL-PCR method [28, 30] with 4 nested insertion-specific primers (agaAJB13uSP1, agaAJB13uSP2, agaAJB13dSP1, and agaAJB13dSP2; Table 1 ). The primers were all designed and analyzed using Primer Premier 5.0 (PREMIER Biosoft International, Palo Alto, CA, USA) and Oligo 6.0 (Molecular Biology Insights, Cascade, CO, USA) software, and synthesized by Invitrogen (Carlsbad, CA, USA).
Sequence Analysis
Multiple sequences were assembled and aligned using Vector NTI 10.3 software (InforMax, Gaithersburg, MD, USA). The signal peptide in the amino acid sequence (AgaAJB13) deduced from agaAJB13 was predicted using SignalP (http://www.cbs.dtu.dk/ services/SignalP/). The identity values of the DNA and protein sequences were obtained from the BLASTN and BLASTP (http:// www.ncbi.nlm.nih.gov/BLAST/) results, respectively. The classification of the glycosyl hydrolase family of AgaAJB13 was determined using the InterProScan online tool (http://www.ebi.ac.uk/Tools/pfa/ iprscan/).
Expression of α-Galactosidase in E. coli
After removing the predicted signal peptide, the coding sequence of the mature protein of agaAJB13 was amplified by a PCR using primers ragaAJB13EF and ragaAJB13HR (Table 1) added to the EcoRI and HindIII sites at the 5' terminal, respectively. The PCR product and pET-28a(+) vector were then individually digested with EcoRI and HindIII. After agarose gel purification, the digested products were ligated and transformed into E. coli BL21 (DE3) competent cells. The transformant harboring the recombinant plasmid (pET-agaAJB13) was confirmed by DNA sequencing. The induction of the recombinant enzyme was performed as previously described by Zhou et al. [31] .
Purification and Identification of Recombinant Enzyme
The culture of the positive transformant was harvested by centrifugation at 8,000 ×g for 20 min at 20 o C and resuspended in a sterilized ice-cold buffer (20 mM Tris-HCl, 0.5 M NaCl, pH 7.2). The cells in the buffer were then disrupted by sonication (4 s, 150 W) on ice and the supernatant was purified using a Ni
2+
-NTA agarose gel column with a linear imidazole gradient of 20-500 mM.
The purified protein was detected with a 12% running gel using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- Table 1 . Primers used in this study.
Primer name
Primer sequence (5′→3′)
CCGGAATTCTCGGCGGGCTACGACGCGA 63 ragaAJB13HR CCCAAGCTTGATGGCCTGAAAGATATAGCCAG a IUPAC/IUB symbols are used; restriction sites are underlined.
b
T m : annealing temperature. The T m values of the specific (SP) primers are used for the high-stringency step in the GC TAIL-PCR. c Designed by Zhou et al. [29] .
NOVEL PROTEASE-RESISTANT α-GALACTOSIDASE 1534 PAGE). The protein in the SDS-PAGE gel was cut and analyzed using matrix-assisted laser desorption/ionization time-of-flight/mass spectrometry (MALDI-TOF/MS) performed by Tianjin Biochip (Tianjin, China). The protein concentration was obtained by the Bradford method [2] , using bovine serum albumin as the standard.
Enzyme Assay
The α-galactosidase activity was determined using the pNPG method [29] . The standard reaction system included 50 µl of the appropriately diluted enzyme and 450 µl of a McIlvaine buffer (0.2 M Na 2 HPO 4 / 0.1 M citric acid, pH 5.0) containing 2 mM pNPG as the substrate. The substrate solution was pre-incubated at a tested temperature for 5 min, incubated for an additional 10 min after the addition of the enzyme, and then 2.0 ml of 1 M Na 2 CO 3 was added to stop the reaction. After cooling down to room temperature, the liberated p-nitrophenol was determined by measuring the absorption at 405 nm. The glucose liberated during the hydrolysis of melibiose was detected at 505 nm with the glucose oxidase peroxidase method using a Glucose kit (Rsbio, Shanghai, China) [25] . The release of reducing sugar from raffinose, soybean meal, and cottonseed meal was determined using the 3,5-dinitrosalicylic acid method at 540 nm [23] . One unit of α-galactosidase was defined as the amount of enzyme that released 1 µmol of p-nitrophenol, glucose, or galactose per minute under the above assay conditions, unless otherwise noted.
Biochemical Characterization
The characterization of the purified recombinant AgaAJB13 (rAgaAJB13) was determined using pNPG as the substrate. The optimal pH for α-galactosidase activity by the purified rAgaAJB13 was determined at 37 The K m , V max , and k cat values for the purified rAgaAJB13 were determined using 0.1-10 mM pNPG or 2-40 mM melibiose as the substrate in a McIlvaine buffer (pH 5.0) at 60 o C, and calculated using the Lineweaver-Burk method [19] .
Accession Numbers
The nucleotide sequences for the Sphingomonas sp. JB13 16S rDNA and agaAJB13 have been deposited in the GenBank under the accession numbers JF745870 and JF745873, respectively. Strain JB13 has been deposited in the China General Microbiological Culture Collection Center under CGMCC 1.10968.
RESULTS

Strain Identification
The BLASTN analysis of the partial 16S rDNA sequence from strain JB13 (1,343 bp; JF745870) using the GenBank revealed nucleotide identities of 97.2% with Sphingomonas sp. ERB1-3 (Accession No. FJ948169), 96.9% with Sphingomonas sp. LnR5-44 (EU332828), and 96.6% with Sphingomonas sp. X7 (2010) (HQ530510). Thus, strain JB13 was classified as belonging to the genus Sphingomonas.
Gene Cloning and Sequence Analysis
A fragment of agaAJB13 (172 bp) was amplified by a PCR using the degenerate primers GalAgutF and GalAgutR. DNA fragments amplified by the GC TAIL-PCR were then assembled with the fragment, resulting in the fulllength agaAJB13 (JF745873). With a full length of 2,217 bp and 64.9% GC content, agaAJB13 was found to start with the putative codon ATG, end with TAG, and encode a 738-residue polypeptide (AgaAJB13). The calculated molecular mass and isoelectric point of AgaAJB13 were 82.3 kDa and pH 5.2, respectively.
Based on a sequence analysis of AgaAJB13, the cleavage site of the signal peptide was predicted between A23 and S24, followed by a catalytic domain of GH 36 from S286 to K689. The amino acid sequence of AgaAJB13 showed the highest identities of 61.4% with the putative GH 36 α-galactosidase from Granulicella mallensis MP5ACTX8 (EFI56085), and 42.3% with the identified GH 36 α-galactosidase from Lichtheimia corymbifera IFO 8084 (AAF68953; Fig. 1 ) [1] . AgaAJB13 also showed identities of <37% with reported protease-resistant α-galactosidases Aga-F75 (ACQ72829), Aga-MJ11 (ACN78884), Aga-F78 (ACM48349), and Aga-S27 (ADK91095), and identities of <12% with conceptually translated α-galactosidases from Sphingomonas sp. SKA58 (EAT10305) and Sphingomonas sp. S17 (EGI56687) ( Fig. 1; Table 2 ). The putative catalytic motifs of the SKA58 and S17 α-galactosidases were KXD and RXXXD, different from the KWD and SDXXDXXXR for AgaAJB13 (Fig. 1) [29] . Finally, the predicted active sites in AgaAJB13 were the nucleophile D477 and acid/base D547 (Fig. 1) [29] .
Expression and Purification of rAgaAJB13
The agaAJB13 gene was expressed in E. coli BL21 (DE3) and the crude enzyme extracted from the E. coli BL21 (DE3) cells was purified by Ni
2+
-NTA metal chelating affinity chromatography. The purified rAgaAJB13 migrated as a single band on SDS-PAGE with a molecular mass identical to the calculated value for rAgaAJB13 (85.5 kDa; Fig. 2 ). Three internal peptides from the purified enzyme (IDQAEAGALTLPVAHDYR, VVGGFNPFDFAYR, and VANLSVSPDKQQAVLFAFLHSSQELDR) were randomly selected from the MALDI-TOF/MS results (Fig. 3) . These three peptides matched the deduced amino acid sequence for rAgaAJB13. Thus, the purified enzyme was indeed rAgaAJB13.
Enzyme Characterization
Determined at pH 5.0 and 37 o C, the specific activities of the purified rAgaAJB13 towards substrates of 2 mM pNPG, 0.5% (w/v) melibiose and raffinose, and 1.0% (w/v) soybean meal and cottonseed meal were 225.0 ± 10.5, 221.2 ± 8.4, 1.7 ± 0.1, 6.9 ± 0.2, and 2.8 ± 0.2 U/mg, respectively. When assayed at pH 5.0 and 60 o C, the Sequence names are shown with accession numbers, except AgaAJB13, as follows: ACN78884, Pedobacter nyackensis MJ11 α-galactosidase with protease resistance [20] ; ADK91095, Streptomyces sp. S27 α-galactosidase with protease resistance [7] ; ACQ72829, Gibberella sp. F75 α-galactosidase with protease resistance [6] ; ACM48349, Rhizopus sp. F78 α-galactosidase with protease resistance [5] (Table 2) ; ADK91093, Flavobacterium sp. TN17 α-galactosidase [29] ; AAF68953, identified Lichtheimia corymbifera IFO 8084 α-galactosidase most identical to AgaAJB13 [1] ; EFI56085, putative Granulicella mallensis MP5ACTX8 α-galactosidase most identical to AgaAJB13; 3GXN, Homo sapiens α-galactosidase; 1UAS, Oryza sativa α-galactosidase; 1SZN, Trichoderma reesei α-galactosidase; EGI56687, putative Sphingomonas sp. S17 α-galactosidase; EAT10305, putative Sphingomonas sp. SKA58 α-galactosidase. Identical residues are shaded in black and conserved residues are shaded in gray. The solid-line frames and dotted-line frames indicate blocks of catalytic regions and degenerate primer-designing regions reported by Zhou et al. [29] , respectively. The asterisks show the putative catalytic residues [29] .
specific activities of the enzyme towards pNPG, melibiose, raffinose, soybean meal, and cottonseed meal were 346.2 ± 6.2, 335.3 ± 10.5, 2.4 ± 0.3, 10.6 ± 0.7, and 4.2 ± 0.8 U/mg, respectively.
The purified rAgaAJB13 showed an apparent optimum at pH 5.0 (Fig. 4A ) when assayed at 37 o C, and exhibited more than 40% of its initial activity after incubation in buffers ranging from pH 4.0 to 11.0 at 37 o C for 1 h (Fig. 4B) . The thermal activity of the purified rAgaAJB13 was apparently optimal at 60°C when assayed at pH 5.0, retaining >60% of its maximum activity at 37 (Fig. 4C) . The half-life of the enzyme was >60 min at 60 o C, whereas at 65 o C and 70 o C, the enzyme activity decreased rapidly (Fig. 4D) .
As shown in Table 3 , the activity of the purified rAgaAJB13 was strongly inhibited (retaining <10% activity) by 10 mM AgCl, HgCl 2 , and SDS, and partially inhibited (retaining ~70% activity) by 10 mM FeSO 4 . The addition of the other reagents had little or no effect on the enzyme activity.
The purified rAgaAJB13 was strongly resistant to protease digestion. After treatment at 37 o C for 1 h with trypsin and proteinase K, the enzyme retained 102.1% and 114.0% of its initial activity, respectively.
Based on a Lineweaver-Burk plot, the K m , V max , and k cat values for the purified rAgaAJB13 were 2.2 mM, 357.1 µmol min -1 mg
, and 512.0 s -1 towards pNPG, respectively. When using melibiose as the substrate, the K m , V max , and k cat values were 29.4 mM, 312.5 µmol min -1 mg 
DISCUSSION
The identity (≤97.2%) resulting from the 16S rDNA sequence comparison suggested Sphingomonas sp. JB13 is a potential novel species harbored in slag of a phosphate rock-stacking site. Previous studies on Sphingomonas have concentrated on exploring its metabolic mechanisms and utilization for bioremediation and application in food technology owing to its ability to utilize a wide range of ) were determined using pNPG as the substrate. NOVEL PROTEASE-RESISTANT α-GALACTOSIDASE 1538 organic compounds as well as certain environmental contaminants [11, 12, 24, 27] . However, to our knowledge, only a few putative glycosyl hydrolases, including conceptually translated GH 36 α-galactosidases (EAT10305 and EGI56687), have been revealed in Sphingomonas genome sequences [11, 24] . Therefore, this is the first study to report on the identification and characterization of a GH 36 α-galactosidase from a Sphingomonas strain. The hydrolyzation of α-1,6-linked galactoside residues from natural products could allow strain JB13 to survive under environments where galactoside residues are available. Furthermore, a sequence analysis revealed different putative catalytic motifs between reported α-galactosidases from Sphingomonas strains and AgaAJB13, suggesting that AgaAJB13 is a novel GH 36 α-galactosidase from the genus Sphingomonas.
Glycosyl hydrolases (such as α-galactosidase and xylanase) and protease additives are often combined as supplements in food and animal feed to eliminate anti-nutritional factors, improve digestibility, and make protein-rich materials (e.g. soybean meal) more edible and higher in nutritional value [13, 15] . Digestants (such as AOR-Zymes and DIGASE) are also added together with proteases and α-galactosidases. Besides that, endogenous proteases (such as trypsin) are widely found in animals [26] . To our knowledge, only four protease-resistant α-galactosidases have previously been reported (Table 2) [5] [6] [7] 20] . However, these α-galactosidases show thermolability at 50 or 60°C and specific activities of <71 U/mg with or without protease treatments at 37 o C, whereas rAgaAJB13 exhibited a half-life of >60 min at 60 o C and specific activities of 225.0-256.5 U/mg (Table 2) [5] [6] [7] 20] . Furthermore, low amino acids identities (<37%) were found between AgaAJB13 and the previously identified protease-resistant α-galactosidases (Table 2) . Therefore, these sequence and enzymatic properties would seem to confirm the novelty of rAgaAJB13 as a protease-resistant α-galactosidase. Because of its optimal activity and good stability at pH 5.0 (pH of natural soymilk) [22] and mid to low-temperature activity, rAgaAJB13 could also be specifically considered as a new candidate additive in soymilk production (e.g., soaking and grinding) and processing.
Protease resistance has been proposed as a common property of kinetically stable proteins, which exhibit an unusually high-unfolding barrier due to limited access to partially and globally unfolded conformations [16] or high structural rigidity [21] . As such, rAgaAJB13 is likely a kinetically stable protein. The physical basis for kinetic stability is related to an increased number of hydrophobic residues on the protein surface, and/or increased number of ion pairs, and/or a predominant β-sheet in the threedimensional structure. [21] . However, the structure analysis was unreliable owing to the low QMEAN4 Z-score of the homology model of rAgaAJB13 automatically built using SwissModel (http://swissmodel.expasy.org/). Thus, further crystallization analysis of rAgaAJB13 is needed to confirm our assumption.
In conclusion, a GH 36 α-galactosidase from a new Sphingomonas strain was cloned, heterologously expressed, and characterized. The α-galactosidase was a novel Sphingomonas α-galactosidase putatively helpful for the survival of Sphingomonas sp. JB13. The protease resistance and other enzymatic properties suggest that the α-galactosidase could be an alternative for basic research and industrial applications.
